Employing Solar Dynamics Observatory/Atmospheric Imaging Assembly (AIA) multi-wavelength images, we have presented coronal condensations caused by magnetic reconnection between a system of open and closed solar coronal loops. In this Letter, we report the quasi-periodic fast magnetoacoustic waves propagating away from the reconnection region upward across the higher-lying open loops during the reconnection process. On 2012 January 19, reconnection between the higher-lying open loops and lower-lying closed loops took place, and two sets of newly reconnected loops formed. Thereafter, cooling and condensations of coronal plasma occurred in the magnetic dip region of higher-lying open loops. During the reconnection process, disturbances originating from the reconnection region propagate upward across the magnetic dip region of higher-lying loops with the mean speed and mean speed amplitude of 200 and 30 km s −1 , respectively. The mean speed of the propagating disturbances decreases from ∼230 km s −1 to ∼150 km s −1 during the coronal condensation process, and then increases to ∼220 km s −1 . This temporal evolution of the mean speed anti-correlates with the light curves of the AIA 131 and 304Å channels that show the cooling and condensation process of coronal plasma. Furthermore, the propagating disturbances appear quasi-periodically with a peak period of 4 minutes. Our results suggest that the disturbances represent the quasi-periodic fast propagating magnetoacoustic (QFPM) waves originating from the magnetic reconnection between coronal loops.
INTRODUCTION
Magnetic reconnection plays an elemental role in magnetized plasma systems, e.g., solar corona and planetary magnetospheres, throughout the universe. It shows the re-configuration of magnetic field geometry, and is used to explain the release of magnetic energy and its conversion to other forms, e.g., thermal, kinetic, and acceleration of non-thermal particles (Aschwanden 2002) . The reconnection process is difficult to observe directly. However, because the magnetic flux is frozen into plasma in the solar corona, the coronal structures, e.g., coronal loops, and their evolution usually outline the magnetic field geometry and its change. Employing remote sensing data, many observational evidences of reconnection have been presented in solar physics, such as X-type structures Li et al. 2016b) , reconnection inflows (Yokoyama et al. 2001; Huang et al. 2018) , and outflows (Takasao et al. 2012; Li et al. 2016a; Ning 2016) , current sheets (Lin et al. 2005; Li et al. 2016c; Xue et al. 2018) , plasmoid ejections (Liu et al. 2010; Tian et al. 2014; Cheng et al. 2018) , loop-top hard X-ray sources (Masuda et al. 1994; Li & Zhang 2009 ), cusp-shaped post-flare loops (Tsuneta et al. 1992; Yan et al. 2018) , and supra-arcade downflows (McKenzie 2000; Savage & McKenzie 2011) .
Numerous theoretical studies of reconnection have been undertaken to explain solar flares (Shibata 1999; Priest & Forbes 2000) , that rapidly release the magnetic energy. During the flares, observations of quasi-periodic fast propagating magnetoacoustic (QFPM) waves have been reported Shen et al. 2013; Nisticò et al. 2014) . Using Atmospheric Imaging Assembly (AIA; Lemen et al. 2012) images onboard the Solar Dynamics Observatory (SDO; Pesnell et al. 2012) , Liu et al. (2011) presented the QFPM wave trains emanating near a flare kernel, and found the strongest signal with the 181 s period temporally coincides with the flare quasi-periodic pulsations. In another flare, Shen & Liu (2012) noted almost all the flare main frequencies are consistent with those of the QFPM waves. QFPM wave trains associated with flaring radio emissions have also been reported (Yuan et al. 2013; Kumar et al. 2017) . All these results suggest the QFPM waves and flares are possibly excited by a common physical origin, i.e., the reconnection periodically releasing magnetic energy Shen & Liu 2012; Kumar et al. 2017) . However, no reconnection process is observed during these flares. On the other hand, QFPM waves driven by reconnection have been theoretically predicted and simulated (Ofman et al. 2011; Jelínek et al. 2012; Takasao & Shibata 2016) . Nevertheless, QFPM waves associated with reconnection directly are rarely observed.
Using AIA multi-wavelength images on 2012 January 19, reconnection between two sets of loops, and cooling and condensation of coronal plasma in the magnetic dip (MD) of higher-lying open loops have been reported . In this Letter, we reveal the presence of QFPM waves, originating from the reconnection region and propagating across the higher-lying loops upward. The observations and results are separately described in Sections 2 and 3, and a summary and discussion is given in Section 4.
OBSERVATIONS
SDO/AIA is a set of normal-incidence imaging telescopes, obtaining images of the solar atmosphere at 10 wavelength channels. Different AIA channels show plasma with different characteristic temperatures, e.g., 304Å peaks at ∼0.05 MK (He II), 131Å peaks at ∼0.6 MK (Fe VIII) and ∼10 MK (Fe XXI), and 171Å peaks at ∼0.9 MK (Fe IX). In this study, AIA 171, 131, and 304Å images, with spatial sampling and time cadence of 0.
′′ 6 pixel −1 and 12 s, are employed to study the QFPM waves and the coronal condensations during the reconnection process.
RESULTS
On 2012 January 19, a set of open curved loops, L1, located above the northwestern solar limb, were observed in AIA 171Å images, see Figure 1 (a). From ∼01:00 UT, the loops L1 moved toward the southeast, and reconnected with the lower-lying closed loops, L2. Two sets of newly reconnected loops, L3 and L4, formed and retracted away from the reconnection region. Due to the downward motion, a MD of loops L1 forms. Cooling and condensations of coronal plasma in the MD then take place. Since the reconnection site moved to the southwest with a displacement of ∼35 Mm after ∼09:00 UT, the reconnection process from 01:00 to 09:00 UT in the region enclosed by a red rectangle in Figure 1 (a) is chosen and investigated in detail. To better display evolution of the reconnection, the AIA images are rotated counter-clockwise by an angle of 35
• . The portion of the limb in the region of interest, i.e., the red rectangle in Figure 1 Figure 2 ). After the appearance, the disturbances propagate away from the reconnection region and upward across the higher-lying loops. Along the propagating direction AB in the green rectangle in Figure 1 (b), a time-slice of AIA 171Å images is made and displayed in Figure 3 (a). The green dotted line outlines the downward motion of loops L1, with speeds of 2-9 km s −1 . The steep, recurrent stripes show the propagating disturbances across the loops L1. The stripe, marked by red pluses, is chosen to display measurements of the beginning time and propagating speed of disturbances. The chosen disturbance appears from ∼05:29:12 UT, denoted by the pink triangle in Figure 3 , then decreases from ∼04:00 UT, and reaches the valley of ∼150 km s −1 at ∼06:00 UT. Thereafter, it increases slowly, and goes back to ∼220 km s −1 at ∼09:00 UT. In the propagating path of disturbances, denoted by green rectangles in Figures 1(b) -(d), light curves of the AIA 171, 131, and 304Å channels are measured and showed in Figure 4 as red, green, and blue curves, respectively. All the light curves increase first, reach the peaks, and then decrease slowly. However, they peak at different times. The AIA 171Å light curve peaks at 05:45 UT, but the 131 (304)Å light curve peaks at 06:05 (06:30) UT, 20 (45) minutes later. Because no associated bright emission is observed in AIA channels showing higher-temperature plasma, e.g., 193, 211, 335, and 94Å, the enhancement in the AIA 131Å light curve should originate from cooler (∼0.6 MK) plasma rather than from hotter (∼10 MK) regions. The AIA 171, 131, and 304Å light curves thus clearly represent the cooling and condensation process of hotter plasma in the MD of loops L1 (see the online animated version of Figures 1(b)-(d) ). The plasma cools down from ∼0.9 MK, the characteristic temperature of AIA 171Å channel, to ∼0.6 MK, the characteristic temperature of AIA 131Å channel, in ∼20 minutes, and then to ∼0.05 MK, the characteristic temperature of AIA 304Å channel, in another ∼25 minutes. Figure 4 indicates the temporal evolution of the disturbance speeds anticorrelates with the AIA 131 and 304Å light curves. It means the speed decreases during the condensation process. The smaller and larger peaks of the histogram of speeds in Figure 3 (c) thus correspond to the disturbances within and without the condensation process, respectively.
The disturbances recurrently originate from the reconnection region. Along the blue dashed line in Figure 3 (a), the intensity profile of the AIA 171Å channel, spatially averaged over 3 pixels, is calculated and shown in Figure 5 (a) as a black curve. We detrend the intensity profile by subtracting its smoothed intensity profile, denoted by a red curve in Figure 5 (a), using a 6-minute boxcar, and display the residual intensity profile in Figure 5 (b) as a blue curve. The detrended intensity profile in Figure 5 (b) clearly shows the periodic variations of the intensity. We employ waveletanalysis technique of Torrence & Compo (1998) to retrieve the periodicity in the intensity variations. The standard "wavelet.pro" routine in the SSW package, where the "Morlet" function is chosen as the mother function, is applied to the detrended intensity profile with time cadence of 0.2 minutes and time duration of 420 minutes. The wavelet power spectrum and global wavelet power spectrum are separately displayed in Figures 5(c) and (d) . Here, the confidence levels and global confidence levels are calculated employing the routine "wave − signif.pro" in the SSW package. A significant power with periods in the range of 2.5-7 minutes with a peak period at 4 minutes is evidently identified, lasting for almost 7 hr in Figure 5 (c). More than 110 cycles are identified during the 7 hr, and no obvious drift of the periods is detected. −1 are identified, separately corresponding to the disturbances originating within and without the condensation process. The disturbances are recurrently generated, with a peak period of 4 minutes in the range of 2.5-7 minutes.
The disturbances propagate upward across the loops L1 that outline the magnetic flux in the corona. In the MD of loops L1, the Alfvén speed, v A , is estimated using v A =B×(4π n p m p ) −0.5 . Here B is the magnetic field strength, n p is the proton number density, and m p is the proton mass. The loops L1 root in the quiet Sun region, B in the MD of loops L1 is hence small, with a value of ∼2 G obtained from the potential field source surface (PFSS) coronal fields . Employing n p of (6±0.5)×10
8 cm −3 in the quiet Sun region (McIntosh et al. 2011 ) and B of 2±1 G, v A is calculated to be 180±95 km s −1 . The sound speed, C s , in the MD of loops L1 is also estimated using C s =152 T 0.5 , where C s is in km s −1 , and T is the temperature in MK. As the plasma appears sequentially in AIA 171, 131, and 304Å channels, we employ T of 0.1-0.9 MK to calculate C s , and obtain values of 95±50 km s Shen & Liu 2012; Yuan et al. 2013; Zhang et al. 2015) , caused by the smaller Alfvén speed in the MD of loops L1 with weaker magnetic field than the larger Alfvén speed in the active region loops with stronger magnetic field, but much larger than those of slow-mode magnetoacoustic waves . Moreover, the disturbances are generated quasi-periodically. From these we conclude the quasi-periodic disturbances propagate across the field lines of loops with speeds consistent with those of fast-mode magnetoacoustic waves. Hence the disturbances should represent the QFPM waves.
An increase of the wave speed following a decrease are detected. The wave speed becomes smaller during the condensation process of coronal plasma, resulting in the smaller peak at 150 km s −1 of the speed distribution. In the MD of loops L1, coronal condensations lead to the increase of n p and the decrease of T , and thus the decrease of v A and C s . The decrease of the Alfvén speed and sound speed in the propagating path of waves hence causes the decrease of the wave speeds. On the other hand, the QFPM waves may disturb the plasma in the propagating path, thereby causing the coronal condensations in the MD of loops L1.
Only waves propagating upward across the MD of loops L1, rather than other directions, are observed. This may be caused by two reasons: (1) the physical property, e.g., density, magnetic field, and temperature, of the atmosphere surrounding the reconnection region, as QFPM waves are trapped in regions of higher density, i.e., in regions with a lower Alfvén speed (Vrsnak & Cliver 2008; Jelínek et al. 2012) ; and (2) the employed instrument and wavelength bandpasses (Li et al. 2016c ).
The energy flux of waves, E w , is calculated employing E w =0.5 n p m p v amp 2 v w . Here v w is the wave speed, and v amp is the speed amplitude. Using v w of 200±65 km s −1 and v amp of 30±15 km s −1 , E w is measured to be (1.5±1.4)×10 5 erg cm −2 s −1 , consistent with those previously reported Shen et al. 2013 ). The magnetic energy flux, E m , during the reconnection is also estimated using E m =(B 2 v in )/8π. Here v in is the reconnection inflowing speed. Employing the moving speeds (5.5±3.5 km s −1 ) of loops L1 toward the reconnection region as v in , E m is calculated to be (1.7±1.6)×10
5 erg cm −2 s −1 , much smaller than those estimated during flares (Asai et al. 2004; Isobe et al. 2005) . Based on these calculations, one then can speculate most of the magnetic energy may be converted to the wave energy through reconnection. This speculation is consistent with the observations that less heating and acceleration of plasma are detected during the reconnection. Moreover, different from Goddard et al. (2016) and Kolotkov et al. (2018) , neither the QFPM wave radio signature, nor the reconnection radio signature is detected from Nobeyama observations. This indicates that there is no significant (detectable) non-thermal emission during the reconnection.
The waves are generated with a peak period of 4 minutes in the range of 2.5-7 minutes. These periods are consistent with the main periods of QFPM waves in Liu et al. (2011) and Kumar et al. (2017) , but larger than those in Shen & Liu (2012) , Yuan et al. (2013), and Nisticò et al. (2014) , during flares. The QFPM waves and their associated flares are suggested to originate from a common source, i.e., the reconnection releasing magnetic energy quasi-periodically during flares (Ofman et al. 2011; Shen & Liu 2012) . However, no reconnection process is detected in those flares. In this study, no flare is observed during the reconnection. The QFPM waves directly associated with the reconnection rather than the flare are hence identified.
The QFPM waves originating from reconnection have been theoretically investigated. A steady inflow of magnetic flux, e.g., the successive downward motion of loops L1, toward the reconnection region could result in the repetitive and even periodic reconnection (McLaughlin et al. 2009; Murray et al. 2009 ). As the periodicity of waves, i.e., 4-minute peak period, is the same as that of the chromospheric oscillations, the reconnection may also be modulated by the periodic MHD oscillations (Chen & Priest 2006; Liu et al. 2011) . Moreover, plasmoids and reconnection outflows produced in the current sheets during reconnection are theoretically suggested as the exciters of QFPM waves (Yang et al. 2015; Takasao & Shibata 2016; Jelínek et al. 2017 ). However, no plasmoid is observed here during the reconnection. More observations and theoretical studies are still needed to understand the physical cause of QFPM waves and their general role in coronal condensations in non-flaring regions. 
